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Abstract

During fiscal years 1997 and 1998, the Weapons Analysis Branch,
Ballistics and Weapons Concepts Division, Weapons and Materials
Research Directorate of the U.S. Army Research Laboratory, built an
engineering-level model of the unmanned ground vehicle platform used
in the Office of the Secretary of Defense Demo III robotics program.
The computer model was a representation of the mobile detection
assessment reconnaissance system (MDARS) chassis-suspension
system. The model was developed within the structure of the combat
vehicle engineering simulation (CVES). This effort was undertaken to
develop a simulation tool to evaluate the “ride quality” of small
robotic vehicle platforms during off-road travel. “Ride quality” is
defined as the ability of the vehicle’s suspension to attenuate shock
and vibration between the terrain surface and the vehicle chassis.

An ensuing effort was undertaken to develop a computer model of the
second generation Demo III robotic vehicle, the experimental
unmanned vehicle (XUV). This model was developed with engineering
parameters and data provided by the vehicle’s manufacturer within
the structure of CVES. A simulated ride quality comparison study
was performed on the MDARS and XUV chassis-suspension models.
The two models were exercised over three different types of simulated
terrain and five different speeds. The terrain types were digital
representations of the Aberdeen Test Center 2-inch washboard course
and 3-inch bump course and the Waterways Experimental Station
(Vicksburg, Mississippi) T101 course. The data wused for the
comparisons were chassis pitch rates and vertical accelerations.

The results showed that the XUV model provided substantial
reductions in pitch rate and vertical acceleration amplitudes when
compared to the MDARS model over most terrain types at all speeds.
Since these robotic vehicles perform autonomous driving, any
reduction in pitch rate and vertical acceleration is desirable because of
their adverse effects on the driving sensors.
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A COMPARISON OF THE MOBILE DETECTION ASSESSMENT
RECONNAISSANCE SYSTEM (MDARS) AND EXPERIMENTAL
UNMANNED VEHICLE (XUV) ROBOTIC VEHICLE MODELS

1. Introduction

The Weapons Analysis Branch, Ballistics and Weapons Concepts Division,
Weapons and Materials Research Directorate of the U.S. Army Research
Laboratory (ARL) built an engineering-level model of the unmanned ground
vehicle (UGV) platform used in the Office of the Secretary of Defense Demo IIl
robotics program during fiscal years 1997 and 1998. The model was developed
as a tool for analyzing small vehicle off-road mobility and chassis dynamics. The
intended role of the autonomous robotic vehicle was to be a technology
demonstrator to assess the possibility of an unmanned vehicle performing the
Armor scout mission. The unaided vehicle would travel ahead of the troop
section and would provide scout reconnaissance without the need for placing a
human in a hostile environment. The vehicle platform used as the UGV was the
mobile detection, assessment, and response system (MDARS), which was
designed and built by Robotics Systems Technology (RST) of Westminster,
Maryland. The MDARS vehicle was chosen since the vehicle platform was
already built under an existing program for the U.S. Army Physical Security
Equipment Management Office, Fort Belvoir, Virginia, as an external warehouse
security robot. MDARS is a small, four-wheeled, Ackerman-steered autonomous
vehicle, which is approximately 7 feet long, 4 feet wide, and 3 feet high; it weighs
1,700 pounds. The vehicle employs a 3-cylinder, 23-horsepower diesel engine
that powers a four-wheel hydraulic drive system. The MDARS vehicle is shown
in Figure 1.




In fiscal year 1999, an ensuing contract to build a second generation robotic
vehicle platform was awarded to General Dynamics Robotic Systems (GDRS)
(formerly RST) to build the experimental unmanned vehicle (XUV). This is an all-
wheel-drive autonomous vehicle with Ackerman steering, which is approximately
10 feet long, 5 feet wide, 4 feet high and has a curb weight of ~2,800 pounds. The
XUV uses a 4-cylinder, 78-horsepower diesel engine that powers a four-wheel
hydraulic drive system. A computer model of the XUV was subsequently
developed as a further extension of the modeling tools used for analyzing small
vehicle off-road mobility and chassis dynamics. The XUV is shown in Figure 2.

Figure 2. The XUV.

The MDARS vehicle and XUV were both modeled within the structure of ARL’s
combat vehicle engineering simulation (CVES). CVES contains detailed
engineering models of the chassis-suspension system, the fire control system, and
the gunner for both the Abrams M1A1 combat tank and the A3 version of the
Bradley fighting vehicle system. The MDARS and XUV automotive chassis
models were developed with the chassis-suspension model that resides in CVES.
The CVES chassis-suspension model is a six-degree-of-freedom engineering-level
model that employs detailed vehicle data and parameters to accurately compute
vehicle chassis-suspension motion. Vehicle parameters for the MDARS were
supplied by GDARS and by the Aberdeen Test Center (ATC). Parameters for the
XUV were supplied by GDRS solely. ATC performed static testing on the
MDARS vehicle to obtain engineering data for input to the CVES chassis-
suspension model. The XUV has not been measured or tested by ATC.



The MDARS model has been validated against dynamic test data collected by
ATC and documented in Fazio (1999). Upon completion of the XUV model, the
MDARS and XUV models were exercised and compared within CVES via digital
terrain profiles that simulated actual terrain. The data used for the model
comparison were chassis pitch rates and chassis vertical accelerations. The
simulation time history output for the two models was then compared to
evaluate the differences in ride quality. “Ride quality” is loosely defined as the
ability of a vehicle’s suspension to attenuate shock and vibration between the
terrain surface and the vehicle chassis. In other words, “How well does the
suspension smooth the bumps?”

Creation of the MDARS model provided ARL with a tool to evaluate
engineering-level concepts for small vehicle platforms. This effort has been
extended to include modeling of the XUV, which represents the ongoing evolution
of the Demo III robotic vehicle. Further, as sensor systems were developed for
small vehicle platforms, models representing these systems (namely, the
Stabilized Sensor Platform model) have been incorporated into the vehicle model
via the fire control module that resides in CVES.

2. Procedures

2.1 Modeling the Vehicles

The author began modeling the MDARS and XUV by using the chassis-
suspension model from the CVES code. The chassis-suspension model describes
a vehicle in terms of the equations of motion associated with movement of the
vehicle’s tires, wheels, and chassis. An external disturbance (terrain input and
bumps) is applied to the vehicle’s tires, which deflects the tire, thus producing a
force on the vehicle’s wheel and hub assembly. Forces from the vehicle’s
suspension are also applied to the wheel and hub assembly. The sum of these
forces generates a wheel acceleration that is numerically integrated to produce
wheel rate and is integrated again to produce wheel position. The wheel position
and chassis position produce a spring deflection, which creates a force acting on
the vehicle chassis. Wheel rate and chassis rate are combined to produce a
suspension rate, which produces a damping force that also acts on the vehicle
chassis. The suspension forces generate chassis linear accelerations, which are
numerically integrated to produce chassis linear rates and positions. The
suspension forces also generate chassis torques about the vehicle’s center of
gravity (c.g.). The chassis torques create angular accelerations that are
numerically integrated to produce angular rates and positions. These motions are
calculated for each tire-wheel-suspension assembly that is attached to the
vehicle. The simulated terrain elevations and elevation rates of change are
applied to each individual tire-wheel-suspension assembly. The simulation is



configured so that the terrain that passes beneath the left and right side tires can
be the same or (to add further realism to the simulation) can be shifted to allow
different terrain elevations and elevation rates to “arrive” beneath the left and
right side wheel sets. This terrain-shifting feature adds a roll component to the
vehicle chassis. Future work will include individual terrain data sets for each
individual tire-wheel-suspension assembly.

2.1.1 MDARS and XUV Chassis-Suspension Data and Parameters

Although MDARS engineering data and vehicle parameters used within the
model came from a number of sources, most were supplied by GDRS and ATC.
GDRS solely supplied all the engineering data and vehicle parameters for the
XUV. Data about certain subsystems and components, such as dampers (shock
absorbers) and tires, were acquired from the component manufacturers. GDRS
supplied detailed engineering information pertaining to the design of the MDARS
and XUV such as physical placement of spring and damper assemblies, lengths
of control arms, and turning angle of the wheels. ATC performed numerous static
tests on the MDARS vehicle to determine the physical characteristics. The tests
included weighing the total platform and weighing the individual suspension
components to ascertain sprung and unsprung masses, weight distribution,
centers of gravity, and moments of inertia, spring force versus deflection curves,
tire spring force versus deflection curves, and general vehicle dimensions. The tire
manufacturer’ also supplied tire spring force versus deflection curves, which
were used to validate ATC’s physical test of the vehicle’s tires. However, the
manufacturer was unable to supply data about the tire’s damping
characteristics. Therefore, a standardized value acquired from the U.S. Army
Tank-Automotive Command was used within the MDARS tire model instead.
Because availability of the vehicle was limited, no static testing was performed
by ATC on the XUV to determine its physical characteristics. All the physical
characteristics of the XUV were provided by GDRS. These data are shown in
Table 1.

Damper force versus velocity curves were acquired from the damper
manufacturers’. Curves for the MDARS suspension spring force, suspension
damping force, and tire spring force are shown in Figures 3, 4, and 5,
respectively.

Curves for the XUV suspension spring force, suspension damping force, and tire
spring force are shown in Figures 6, 7, and 8, respectively.

1 Dico Tire, Inc.
"AVO (not an acronym) Shocks USA, Inc.



Table 1. MDARS and XUV Physical Characteristics

Spring Force (Ib)

Parameter MDARS XUV Unit
Roll Moment of Inertia 105 230 Slug-ft*
Yaw Moment of Inertia 245 707 Slug-ft’
Pitch Moment of Inertia 226 558 Slug-ft’
Curb Weight 1700 2500 Pounds
Unsprung Mass 11.49 9.94 Slugs
Vertical c.g. 17.1 20.0 Inches, above ground level
Lateral c.g. 0.0 0.0 Inches, to right of vehicle
center line
Longitudinal c.g. 23.1 34.7 Inches, forward of rear
axle center line
Length of Body 80.9 110.0 Inches
Width of Body 50.9 65.8 Inches
Height of Body 38.2 42.0 Inches
Length of Wheelbase 57.6 74.0 Inches
Width of Track 43.1 56.0 Inches
Front Weight Bias 40 47 Percent
Rear Weight Bias 60 53 Percent
Tire-Damping Coefficient 50 50 Lb-sec/ft
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2.2 Comparison of the MDARS and XUV Simulations

Three simulated terrain types and five speeds were selected for the comparison.
The terrain types were digital representations of ATC’s 2-inch washboard course
and 3-inch bump course and Waterways Experimental Station (WES)
(Vicksburg, Mississippi) T101 course. The selected vehicle speeds on these
terrain types were 2, 4, 8, 12, and 18 mph. The WES T101 terrain was not
traversed at speeds greater than 8 mph. The simulations were not compared at
the speeds of 12 and 18 mph because certain sections of the T101 terrain would
induce extremely high pitch rates and vertical accelerations in the MDARS
vehicle. These high pitch rates and vertical accelerations are indications that the
vehicle is being operated beyond its design limits. These speeds were chosen
since they closely duplicated the test speeds used by ATC when dynamic testing
was performed on the MDARS robotic vehicle. The 2-inch washboard course
consists of a concrete track with a profile resembling a sine wave with a 24-inch
wavelength and a 2-inch peak-to-peak amplitude. The 3-inch bump course is a
concrete track with regularly spaced bumps approximately 30 feet apart. Some
bumps are set perpendicular to the direction of travel, and others are set at
varying oblique angles. The bump profile is a rounded section with a 3-inch
maximum height and a 36-inch length. The digital representation of the 3-inch
bump course included only those bumps that were set perpendicular to the
direction of travel. The exclusion of the oblique bumps was an effort to decouple
the chassis pitch and roll motions. The analysis was focused in the pitch plane,
which has become an area of concern for small autonomous vehicles because of
driving camera image instability problems from excessively high pitch rates.
Thus, the simulated chassis pitch motions over the 3-inch bump course were



compared only when the vehicles encountered 3-inch bumps that were
perpendicular to the direction of travel. The WES T101 course is a random
terrain representing an off-road path with medium severity bump intensity,
described statistically as having a 1.5-inch root mean square (rms) bump height.
The MDARS and XUV simulations were run with the same test matrix, which
included a representation of the 2-inch washboard course, the 3-inch bump
course, and the WES T101 course. The data used for comparing the MDARS and
XUV models were time histories of the chassis vertical acceleration and chassis
pitch rate. The study matrix is summarized in Table 2.

Table 2. Study Matrix

Courses Speeds (mph)

2 4 8 12 18
2-inch Washboard  yes yes yes yes yes
3-inch Bump yes yes yes yes yes
WES Ti01 yes yes yes no no
3. Results

3.1 MDARS Versus XUV Traversing the 3-inch Bump Course

3.1.1 Pitch Rate Comparison

The MDARS and XUV models were run at the five speeds over the simulated 3-
inch bump course. When the pitch rates of the two vehicles were compared while
the vehicles traversed the 3-inch bump, the XUV model produced a slightly lower
pitch rate amplitude as it moved at the slower speeds of 2 and 4 mph. Figures 9
and 10 show the 2- and 4-mph comparison, respectively.
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Figure 10. Chassis Pitch Rate, 3-Inch Bump, 4 mph.

15

N &L - 5
\ w
P £
<7 &=
T 4 -
e
=
~_
T e——— 1 &
)z;!.izt;:lll..w - T /w
i
: i
| w
| |
|
. i . . ~ NN BN
o 2] =4 n o 0 w0 o ")) = )] (-] 7. (-] n o
\al 1 d d o~ o~ -t - [ d d Q

(s/3ap) @18y Yong

(s/32p) a1y yo1id

-25

10



When the MDARS and XUV models were compared while running at the speeds
of 8 and 12 mph, the XUV produced a much lower pitch rate amplitude. The
pitch rate amplitude is approximately 25% lower. The pitch rate amplitudes for
the 8- and 12-mph comparisons are shown in Figures 11 and 12, respectively.
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Comparison of the models at the highest speed shows that the XUV produced a
significantly lower pitch rate amplitude than the MDARS. The XUV model’s
pitch rate amplitudes are approximately 50% lower when the XUV ran at the
18-mph speed. The pitch rate comparison for the 18-mph run is shown in

Figure 13.
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3.1.2 Chassis Vertical Acceleration Comparison

The MDARS and XUV models were run over the 3-inch bump course at the five
speeds, as noted previously in the pitch rate comparisons. Comparison of the
chassis vertical accelerations of the MDARS and XUV models showed the same
basic trends as did the pitch rate comparisons. Comparison of the lower speed
runs, 2 and 4 mph, showed that the XUV model produced peak vertical
acceleration amplitudes approximately 25% lower than those of the MDARS
model. At these low speeds, peak vertical acceleration amplitudes for both
models are quite low. Peak amplitudes below 0.25 g are shown in Figure 14, and

peak amplitudes below 0.5 g are shown in Figure 15.
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Comparing the chassis vertical accelerations of the MDARS and XUV models
while the vehicles traversed the course at the 8- and 12-mph speeds showed a
more significant difference between their respective acceleration amplitudes. The
XUV model produced peak vertical acceleration amplitudes approximately 35%
lower than did the MDARS model. Chassis vertical accelerations for the 8- and
12-mph comparisons are shown in Figures 16 and 17, respectively.
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Comparison of the chassis vertical accelerations between the MDARS and XUV
models during the 18-mph run showed a continuing trend toward a larger
difference in peak amplitudes. The XUV model produced peak vertical
acceleration amplitudes approximately 45% lower than did the MDARS model
while traversing the 3-inch bump course. Chassis vertical acceleration for the
18-mph comparison is shown in Figure 18.
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Figure 18. Chassis Vertical Acceleration, 3-inch bump, 18 mph.

3.2 MDARS Versus XUV Traversing the 2-inch Washboard Course

3.2.1 Pitch Rate Comparison

The MDARS and XUV simulation models were both run over the 2-inch
washboard course at the same five speeds that were used for the 3-inch bump
course comparisons. The 2-inch washboard course is basically a sinusoidal
function with a 24-inch wavelength; thus, the pitch rate frequencies are clearly
defined. For the speeds of 2, 4, 8, 12, and 18 mph, the pitch rate frequencies
were 1.5, 3.0, 6.0, 9.0, and 13.5 Hz, respectively, showing that the simulation
models exhibit a proper pitch rate frequency across the range of comparison
speeds (see Figures 19 through 23). Comparison of the pitch rate amplitudes of
the MDARS and XUV models while the vehicles traversed the 2-inch washboard
terrain shows that the XUV model produces markedly lower pitch rate
amplitudes than does the MDARS model. The XUV pitch rate amplitudes were

15



approximately 75% lower than the MDARS pitch rate amplitudes during the
2-mph comparison run. The 2-mph comparison is shown in Figure 19.
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Figure 19. Chassis Pitch Rate, 2-Inch Washboard, 2 mph.

Comparison of the MDARS and XUV model pitch rate amplitudes during the 4-
and 8-mph comparison runs shows that the XUV model produced pitch rate
amplitudes approximately 80% lower than did the MDARS model. The 4- and

8-mph comparison runs are shown in Figures 20 and 21, respectively.

Examination of the 12- and 18-mph comparison runs between the MDARS and
XUV models shows an even greater difference in their respective pitch rate
amplitudes. The XUV model produces pitch rate amplitudes that are
approximately 85% lower while the XUV traversed the terrain at the 12- and
18-mph speeds than did the MDARS model. The 12-mph comparison run is
shown in Figure 22, and the 18-mph comparison run is shown in Figure 23.
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3.2.2 Chassis Vertical Acceleration Comparison

The MDARS and XUV models were run over the 2-inch washboard course for the
chassis vertical acceleration comparisons at the same speeds that were used for
the pitch rate comparisons discussed before. Unlike the pitch rate and vertical
acceleration comparisons for the 3-inch bump course, which both tended toward
the XUV model having lower amplitudes than the MDARS model, the chassis
vertical acceleration comparison on the 2-inch washboard course produced
results that show the MDARS model exhibited lower peak vertical acceleration
amplitudes than did the XUV model. These results most likely can be attributed
to a resonant coupling between the washboard terrain wavelength and the XUV

model’s wheelbase length. This aspect is discussed in more detail in the
discussion section of this report.

When the peak vertical acceleration amplitudes of the MDARS and XUV models
were compared on the 2-inch washboard course at the 2-mph speed, it is clear

that the MDARS model produced significantly lower amplitude levels. The
MDARS model generated peak vertical acceleration amplitudes approximately
60% lower than did the XUV model. The 2-mph comparison is shown in

Figure 24.
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Figure 24. Chassis Vertical Acceleration, 2-Inch Washboard, 2 mph.

Comparison of the MDARS and XUV models during the 4-mph run shows that
the MDARS model produced peak vertical acceleration

amplitudes



approximately 30% lower than did the XUV model. The 4-mph comparison run
is shown in Figure 25.

e a—.

Vertical Acceleration (g)

Time (s)

Figure 25. Chassis Vertical Acceleration, 2-Inch Washboard, 4 mph.

Examination of the peak vertical acceleration amplitudes during the 8-mph
comparison run between the MDARS and XUV models shows a lessening
difference between their respective amplitudes. The MDARS model produced
peak vertical acceleration amplitudes approximately 15% lower than did the
XUV model. The 8-mph comparison run is shown in Figure 26.

Comparison of the MDARS and XUV models during the 12- and 18-mph runs
shows that the MDARS model again produced significantly lower peak
amplitude levels. For both the 12- and 18-mph comparison runs, the MDARS
model produced peak vertical acceleration amplitudes approximately 35% lower
than did the XUV model. The 12- and 18-mph comparison runs are shown in
Figures 27 and 28, respectively.
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Figure 27. Chassis Vertical Acceleration, 2-Inch Washboard, 12 mph.
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3.3 MDARS Versus XUV Traversing the WES T101 Terrain

3.3.1 Chassis Pitch Rate Comparison

The MDARS and XUV models were run over the WES T101 terrain at speeds of
2, 4, and 8 mph. The higher speeds of 12 and 18 mph, which were used in the
comparison runs over the 3-inch bump and 2-inch washboard terrains, were not
used in the comparison runs over the WES T101 terrain because the severity of
the terrain caused extremely high pitch rate and vertical acceleration amplitudes
to be generated by the MDARS model. These extreme amplitude levels indicated
that the MDARS chassis that was modeled was being exercised beyond the
vehicle’s design limits. The WES T101 terrain does not have periodic bump
spacing nor does it have regular and consistent bump height. The bump spacing
and height of the T101 terrain are distributed in a more irregular manner,
described as having a 1.5-inch rms bump height. Thus, the vehicle model’s
chassis response is also distributed in an irregular pattern. Within the data,
regions with low amplitude levels exist, and other regions have very high
amplitude levels.

Comparison of the MDARS and XUV pitch rate amplitudes over the T101
terrain at the 2-mph speed showed that the XUV model produced peak pitch
rate amplitudes approximately 40% lower than those of the MDARS model.
Comparison of the 2-mph run is shown in Figure 29.
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Figure 29. Chassis Pitch Rate, T101, 2 mph.
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Comparison of the MDARS and XUV model pitch rate amplitudes at speeds of
4 and 8 mph showed that the XUV had amplitude levels approximately 50%
lower than did the MDARS model. The 4- and 8-mph comparison runs are
shown in Figures 30 and 31, respectively.
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Figure 30. Chassis Pitch Rate, T101, 4 mph.
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Figure 31. Chassis Pitch Rate, T101, 8 mph.

3.3.2 Chassis Vertical Acceleration Comparison

The comparison runs for the MDARS and XUV model chassis vertical
accelerations over the WES T101 terrain were run at the speeds of 2, 4, and
8 mph. The 12- and 18-mph speeds were not used for the reason stated in
Section 3.3.1. The MDARS and XUV models’ chassis vertical acceleration
amplitudes compared over the WES T101 terrain at the speeds of 2 and 4 mph
showed that the XUV model exhibited peak vertical acceleration amplitude
levels of approximately 30% to 40% lower than those of the MDARS model. The
vertical acceleration comparisons for the 2- and 4-mph runs are shown in Figures
32 and 33, respectively.

The comparison of the MDARS and XUV models’ chassis vertical acceleration
amplitudes at the 8-mph speed showed a dramatic difference in peak
acceleration levels. The XUV model exhibited a peak vertical acceleration
amplitude approximately 75% lower than that of the MDARS model. While the
MDARS traversed a particularly rough section of the T101 terrain, its model
produced a peak vertical acceleration amplitude of nearly 4 g's, while the XUV
model produced a level of about 1 g on the same course. Further, while running
on that section of the terrain, both models produced an acceleration amplitude of
-1 g, indicating that the vehicle models’ tires had lost vertical contact with the
terrain surface. Details of these events are further examined in Section 4.
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4. Discussion

The results show that the comparisons between the MDARS and XUV models
clearly exhibit the differences in their design structure. When the comparisons of
the runs over the 3-inch bump course are reviewed for both the pitch rate and
vertical acceleration amplitudes, the results show that the XUV model produced
lower amplitude levels across the range of speeds. The differences between the
peak amplitude levels for the MDARS and XUV models increase with
progressively higher speeds. The lower amplitude levels produced by the XUV
can be directly attributed to its having a longitudinal c.g. that is closer to the
vehicle’s wheelbase midpoint and to greatly increased suspension wheel travel.
The XUV’s longitudinal c.g. is approximately 50% closer to its wheelbase
midpoint than is the c.g. of the MDARS. Reductions in pitch rate amplitudes are
typically seen when a vehicle’s longitudinal c.g. is moved closer to the vehicle’s
wheelbase midpoint. The MDARS has approximately 6 inches of front and rear
suspension wheel travel, while the XUV has 10 inches of front and rear
suspension wheel travel. Longer wheel travel relative to the vehicle’s body tends
to allow more of the bump energy to be absorbed before it is transmitted into the
vehicle’s chassis, thus producing lower levels of vertical acceleration.

When we look at the comparisons of the runs performed on the 2-inch
washboard course, an interesting variation in the results is found. Comparison of
the pitch rate amplitudes for the MDARS and XUV shows a trend similar to the
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results of the 3-inch bump course comparison, wherein the XUV model produces
consistently lower pitch rate amplitude levels. When the results of the vertical
acceleration comparison are reviewed, a reversal in the trend is seen. While
traversing the 2-inch washboard course at all speeds used in the comparison, the
MDARS model had consistently lower levels of peak vertical acceleration
amplitude than did the XUV model. These results are probably caused by an
unintended resonant coupling between the terrain wavelength and the wheelbase
length of the XUV model. The wheelbase length of the XUV is almost three terrain
wavelengths long. This matching of the terrain wavelength and the vehicle’s
wheelbase length allows the vehicle’s wheels to ride up and down in unison while
traversing this periodic terrain. This “summing” of the front and rear suspension
forces tends to produce larger vertical acceleration amplitudes than would
typically occur when a vehicle’s front and rear suspension is out of phase with
the terrain features. Further, this phenomenon tends to suppress pitch motion.
Therefore, the XUV model had significantly lower levels of pitch rate amplitude
than did the MDARS model over this terrain.

When the comparisons of the MDARS and XUV models are reviewed while the
vehicles traversed the WES T101 terrain, the results show that the XUV model
produced lower peak levels of pitch rate and vertical acceleration amplitudes
than did the MDARS model. This can be attributed to some of the factors
mentioned previously, such as the XUV model’s longitudinal c.g. being closer to
its wheelbase midpoint and the XUV model having increased amounts of
suspension wheel travel. Further, one other factor comes into play, especially
while the vehicles traverse a more severe terrain such as the WES T101 terrain.
The XUV model has a higher sprung-to-unsprung mass ratio. This ratio is the
mass of the sprung components of the vehicle (essentially everything supported
by the vehicle’s springs) divided by the mass of the unsprung components (the
wheels, tires, hubs, portions of the suspension control arms, etc.). A higher ratio
tends to produce a vehicle with a suspension that reacts quickly to terrain
perturbations, allowing the unsprung components to readily follow the terrain
features, while letting the sprung mass travel along relatively unperturbed by the
terrain features. The comparisons made on the WES T101 terrain only used
speeds as great as 8 mph. Speeds above 8 mph caused extremely high levels of
pitch rate and vertical acceleration amplitudes to be produced by the MDARS
model. These high levels indicated that the MDARS model was being operated
beyond its design limits. Looking at the vertical acceleration comparison over the
WES T101 course run at 8 mph (see Figure 34), we see that the results show the
MDARS produced very high levels of vertical acceleration (as great as 4 g's).
Further, for both models, there are acceleration peaks showing -1 g, which
indicate that the vehicles’ wheels have lost vertical contact with the terrain
surface. The XUV model produced relatively low vertical acceleration over this
course, probably because of its extended wheel “jounce” travel, as compared to
the MDARS vehicle model. The MDARS model, even at the 8-mph speed, was
running against its design capabilities while it traversed the WES T101 course.
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5. Summary

The comparison between the MDARS and the XUV simulation models traversing
the 3-inch bump course, the 2-inch washboard course, and the WES T101 course
clearly shows through the results that each model exhibits its design
characteristics in a distinct fashion. The XUV model showed a clear advantage
over the MDARS model in chassis pitch rate and vertical acceleration amplitude
reduction for most of the courses at all speeds. The XUV model typically had
lower levels of pitch rate and vertical acceleration amplitudes than did the
MDARS model. These results can be attributed to the XUV chassis design having
(a) a longitudinal c.g. closer to its wheelbase midpoint, (b) increased suspension
wheel travel, and (c) a higher sprung-to-unsprung mass ratio. All these factors
aid in reducing a vehicle’s chassis pitch rate and chassis vertical acceleration
amplitudes over a given terrain. One section of the results deviated from the
trend of the XUV model having lower pitch rate and vertical acceleration
amplitude levels. This occurred when the vertical acceleration amplitudes of the
MDARS and XUV models were compared while the vehicles traversed the 2-inch
washboard course. The MDARS model was found to have consistently lower
levels of vertical acceleration amplitude than the XUV model. This is thought to
be caused by an unintended resonant coupling between the terrain wavelength
and the XUV model’s wheelbase length. The XUV model’s wheelbase length is
almost three terrain wavelengths long. This tends to cause both front and rear
wheels to rise and fall on the periodic terrain in unison. This causes a “summing”
of the front and rear suspension forces, which produces higher vertical
acceleration than would normally be produced when a vehicle’s wheels are out of
phase with the terrain features.

It is recommended that static and dynamic tests be performed on the XUV to
collect actual data to verify that the correct engineering parameters have been
used within the model and to validate the performance of the simulation model.

28



Reference

Fazio, P.J., “Modeling of the MDARS Robotic Vehicle,” ARL-TR-1991, U.S.
Army Research Laboratory, Aberdeen Proving Ground, MD, July 1999.

29



30

INTENTIONALLY LEFT BLANK



NO. OF

COPIES ORGANIZATION

1

ADMINISTRATOR

DEFENSE TECHNICAL INFO CTR
ATTN DTIC OCA

8725 JOHN J KINGMAN RD STE 0944
FT BELVOIR VA 22060-6218

DIRECTOR

US ARMY RSCH LABORATORY
ATTN AMSRL CI AIR REC MGMT
2800 POWDER MILL RD

ADELPHI MD 20783-1197

DIRECTOR

US ARMY RSCH LABORATORY
ATTN AMSRL CILL TECH LIB
2800 POWDER MILL RD
ADELPHI MD 20783-1197

DIRECTOR

US ARMY RSCH LABORATORY
ATTN AMSRLD D SMITH
2800 POWDER MILL RD
ADELPHI MD 20783-1197

DoD JOINT CHIEF OF STAFF
ATTN J39 CAPABILITIES DIV
CAPT ] M BROWNELL

THE PENTAGON RM 2C865
WASHINGTON DC 20301

AMCOM MRDEC

ATTN AMSMIRD W MCCORKLE

REDSTONE ARSENAL AL
35898-5240

CECOM
SP & TERRESTRIAL COMM DIV
ATTN AMSEL RD ST MC M
H SOICHER
FT MONMOUTH NIJ 07703-5203

US ARMY INFO SYS ENGRG CMND
ATTN ASQB OTD F JENIA
FT HUACHUCA AZ 85613-5300

US ARMY NATICK RDEC
ACTING TECHNICAL DIR
ATTN SSCNC T P BRANDLER
NATICK MA 01760-5002

US ARMY RSCH OFC
4300 S MIAMI BLVD
RSCH TRIANGLE PK NC 27709

NO. OF

COPIES ORGANIZATION

1

US ARMY SIMULATION TRAIN &
INSTRMNTN CMD

ATTN J STAHL

12350 RSCH PKWAY

ORLANDO FL 32826-3726

US ARMY TANK-AUTOMOTIVE &
ARMAMENTS CMD

ATTN AMSTA AR TD M FISETTE

BLDG 1

PICATINNY ARSENAL NJ 07806-5000

US ARMY TANK-AUTOMOTIVE CMD
RD&E CTR

ATTN AMSTA TA J CHAPIN
WARREN MI 48397-5000

US ARMY TRADOC

BATTLE LAB INTEGRATN & TECH DIR
ATTN ATCD B J A KLEVECZ

FT MONROE VA 23651-5850

NAV SURFACE WARFARE CTR
ATTN CODE B07 ] PENNELLA
17320 DAHLGREN RD

BLDG 1470 RM 1101
DAHLGREN VA 22448-5100

DARPA
3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

HICKS & ASSOCIATES INC
ATTN G SINGLEY 1

1710 GOODRICH DR STE 1300
MCLEAN VA 22102

HQ AFWA/DNX
106 PEACEKEEPER DR STE 2N3
OFFUTT AFB NE 68113-4039

INST FOR ADV TECHNOLOGY
UNIV OF TEXAS AT AUSTIN
PO BOX 20797

AUSTIN TX 78720-2797

SPECIAL ASST TO THE WING CDR
50SW/CCX CAPT P H BERNSTEIN
300 O'MALLEY AVE STE 20
FALCON AFB CO 80912-3020

HQ AFWA/DNX

106 PEACEKEEPER DR STE 2N3
OFFUTT AFB NE 68113-4039

31



NO. OF
COPIES ORGANIZATION

32

1

NO. OF
COPIES ORGANIZATION

US MILITARY ACADEMY 3
MATH SCIENCES CTR OF EXC
DEPT OF MATH SCIENCES
ATTN MDN A MAJ HUBER
THAYER HALL
WEST POINT NY 10996-1786 4
GENL DYNAMICS ROBOTIC SYS
ATTN SCOTT MYERS B BEESON
P CORY J ROBERTSON
1234 TECH CT
WESTMINSTER MD 21157

CDR US ARMY TACOM
ATTN J JACZKOWSKI
WARREN MI 48397-5000

CDR US ARMY TARDEC
ADVANCED CONCEPTS TEAM
ATTN AMSTA TR S (MS 2007)
R HALLE 2
WARREN MI 48397-5000

CDR & DIR USAE WATERWAYS
EXPERIMENTAL STN

ATTN R AHLVIN 1

3909 HALLS FERRY ROAD

VICKSBURG MS 39180-6199

NATL INST STAN AND TECH 14
ATTN K MURPHY

100 BUREAU DRIVE

GAITHERSBURG MD 20899

US ARMY MOUNTED MANEUVER
BATTLE LAB 2

ATTN MAJ J BURNS

BLDG 2021

BLACKHORSE REGIMENT DR

FT KNOX KY 40121

NASA JET PROPULSION LAB
ATTN L MATHIES K OWENS
4800 OAK GROVE DR
PASADENA CA 91109

ABERDEEN PROVING GROUND

DIRECTOR
US ARMY RSCH LABORATORY
ATTN AMSRL CI LP (TECH LIB)
BLDG 305 APG AA

US ARMY TECOM

ATTN AMSTE CD B SIMMONS
AMSTE CDM R COZBY J HAUG

RYAN BLDG

CDR US ARMY ATC

ATTN STEAC CO COL ELLIS
STEAC TD J FASIG
STEAC TE H CUNNINGHAM
STEAC RM C A MOORE

BLDG 400 .

CDR US ARMY ATC
ATTN STEAC TE F P OXENBERG
BLDG 321

DIR USARL
ATTN AMSRL WM ] SMITH
BLDG 4600

DIR USARL
ATTN AMSRL WM B A W HORST JR
W CIEPIELLA
BLDG 4600

DIR USARL
ATTN AMSRL WM BD B FORCH
BLDG 4600

DIR USARL

ATTN AMSRL WM BF J LACETERA
R PEARSON P CORCORAN
M FIELDS P FAZIO (10 CYS)

BLDG 390

DIR USARL

ATTN AMSRL WM RP C SHOEMAKER
J BORNSTEIN

BLDG 1121



Form Approved

REPORT DOCUMENTATION PAGE

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Adington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 2001 Final

1. AGENCY USE ONLY (Leave blank)

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

A Comparison of the Mobile Detection Assessment Reconnaissance System (MDARS) and

Experimental Unmanned Vehicle (XUV) Robotic Vehicle Models PR: AH80

6. AUTHOR(S)
Fazio, P.J. (ARL)

8. PERFORMING ORGANIZATION

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
REPORT NUMBER

U.S. Army Research Laboratory
Weapons & Materials Research Directorate
Aberdeen Proving Ground, MD 21005-5066

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

ARL-TR-2524

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
U.S. Army Research Laboratory
Weapons & Materials Research Directorate
Aberdeen Proving Ground, MD 21005-5066

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

During fiscal years 1997 and 1998, the Weapons Analysis Branch, Ballistics and Weapons Concepts Division, Weapons and
Materials Research Directorate of the U.S. Army Research Laboratory, built an engineering-level model of the unmanned ground
vehicle platform used in the Office of the Secretary of Defense Demo III robotics program. The computer model was a
representation of the mobile detection assessment reconnaissance system (MDARS) chassis-suspension system. The model was
developed within the structure of the combat vehicle engineering simulation (CVES). This effort was undertaken to develop a
simulation tool to evaluate the "ride quality” of small robotic vehicle platforms during off-road travel. "Ride quality" is defined as
the ability of the vehicle’s suspension to attenuate shock and vibration between the terrain surface and the vehicle chassis.

An ensuing effort was undertaken to develop a computer model of the second generation Demo III robotic vehicle, the
experimental unmanned vehicle (XUV). This model was developed with engineering parameters and data provided by the
vehicle’s manufacturer within the structure of CVES. A simulated ride quality comparison study was performed on the MDARS
and XUV chassis-suspension models. The two models were exercised over three different types of simulated terrain and five
different speeds. The terrain types were digital representations of the Aberdeen Test Center 2-inch washboard course and 3-inch
bump course and the Waterways Experimental Station (Vicksburg, Mississippi) T101 course. The data used for the comparisons
were chassis pitch rates and vertical accelerations.

The results showed that the XUV model provided substantial reductions in pitch rate and vertical acceleration amplitudes when
compared to the MDARS model over most terrain types at all speeds. Since these robotic vehicles perform autonomous driving,
any reduction in pitch rate and vertical acceleration is desirable because of their adverse effects on the driving sensors.

14. SUBJECT TERMS

chassis-suspension model
engineering modeling

MDARS Xuv
robotic vehicle

15. NUMBER OF PAGES
40

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18 33
298-102



